Though extensively used in a variety of disciplines, the evolutionary pattern of microsatellite sequences is still unclear. We addressed several questions relating to microsatellite evolution by analysing historically accumulated mutation events in a large set of artiodactyl (CA) n repeats, through sequence analysis of orthologous bovine and ovine loci. The substitution rate in microsatellite £anking sequences was not di¡erent from that in intron sequences, suggesting that if intron sequences in general are selectively neutral, sequences close to microsatellites are similarly so. This observation thus does not support the idea that successful heterologous ampli¢cation of microsatellites across distantly related taxa would be due to £anking sequences generally being under some form of selection. Interestingly, the substitution rate at the ¢rst nucleotide positions £anking repeats was signi¢cantly higher than in sequences further away. Moreover, the substitution rate in repeat units in the very end of microsatellites was signi¢cantly higher than that in the middle of repeat regions. Together these observations suggest a relative instability close to the boundary between repetitive and unique sequences. We present three models that potentially could explain such a feature, all involving ine¤ciency of mismatch repair systems.
INTRODUCTION
Few types of DNA sequences have gained interest among such a wide range of scientists as the class of simple tandem repetitive DNA commonly referred to as microsatellites. From many of the perspectives in which they are used, an important issue is how microsatellites evolve and are maintained as a very abundant class of DNA sequences in the genomes of apparently all eukaryotes. Most theoretical models have assumed either a strict (single step) or a constrained stepwise mutation model (Valdes et al. 1993; Di Renzo et al. 1994) , but analyses of allele frequency distributions do not always provide support for such models (Estoup et al. 1995a) . However, recent data on germline microsatellite mutation events con¢rm that single-step changes are the most common class of mutations, but that changes involving two to ¢ve repeat units do occur as well (Weber & Wong 1993; Amos et al. 1996; Primmer et al. 1996a) . Moreover, these data suggest that the mutation rate may be positively correlated with allele size (Primmer et al. 1996a) and that mutational gains may be more common than losses (Weber & Wong 1993; Amos et al. 1996; Primmer et al. 1996a Ellegren et al. 1997) . The latter observation is problematic in several respects, notably because the length ceiling seen at most loci suggests that allele size generally is constrained (Garza et al. 1995) . Little is known of whether there are selective forces promoting the generation and maintenance of microsatellites repeats.
Though clearly more frequent than mutations in most types of non-repetitive DNA, microsatellite mutations events are still su¤ciently rare to make large-scale studies of the evolutionary and mutational process di¤cult to conduct. As an alternative means, several researchers have therefore embarked upon sequencing homologous microsatellite loci in di¡erent species to be able to study mutations accumulated over evolutionary time periods. So far, these types of investigations have generally involved a single locus, or a small number of loci, analysed in a range of species (e.g. Estoup et al. 1995b; Jin et al. 1996; Angers & Bernatchez 1997; . In this study we have taken an alternative sequence-based approach to gain further understanding of the process of microsatellite evolution. Rather than focusing on a single locus, we selected a pair of moderately related species, cattle (Bos taurus) and sheep (Ovis aries), and sequenced a large number (22) of orthologous microsatellite loci in both species to reveal general patterns of molecular evolution at the sequence level, both within the repeat region and in regions £anking the repeat. In particular, this enables us to address two important questions pertinent to microsatellite evolution.
First, are microsatellite £anking sequences unusually conserved? Using the same repeat £anking primers as in the focal species, many microsatellites can be ampli¢ed in related species (SchlÎtterer et al. 1991; Primmer et al. 1996b) . The observation that such cross-species priming may extend even to very distantly related species has led to the suggestion that £anking sequences would be under strong selective constraints, possibly related to a functional role for the associated repetitive sequences (Rico et al. 1996) . Among the most extreme reports in this direction are the successful ampli¢cation of microsatellites across the main superclasses of ¢sh, thought to have diverged 470 million years (Myr) ago (Rico et al. 1996) , and a similar success in turtle species with a last common ancestor dating back 300 Myr (FitzSimmons et al. 1995) .
Second, are regions immediately £anking microsatellite repeats more unstable than distant sequences and/or is there a tendency for polarity in mutations within the repeat region, i.e. more mutations towards the ends of repeats? The former question arises from the observation that many microsatellite loci are immediately £anked by sequences of a less perfect but still repetitive nature. Such regions of scrambled arrangements of repetitive motifs (`cryptic simplicity') may be associated with higher levels of genetic variation than pure single-copy DNA (Tautz et al. 1986 ). The latter question should be seen in the perspective of polarity apparently being common in the mutation process of minisatellites (Je¡reys et al. 1994) .
Using bovine and ovine sequence data, here we approach these questions by analysing the substitution rates in microsatellite £anking regions and by studying the patterns of sequence evolution within microsatellite repeat regions.
MATERIAL AND METHODS

(a) Markers
Twenty-two (CA) n microsatellites originally isolated from the bovine genome were randomly selected from the set of several hundred bovine markers reported to amplify in sheep (cf. de Gortari et al. 1997) . Primer sequences and levels of polymorphism in cattle can be found in original reports of selected markers (Avraham et al. 1993; Kemp et al. 1993 Kemp et al. , 1995 Shalom et al. 1993a,b; Bishop et al. 1994; Moore et al. 1994; Brezinsky et al. 1993) , polymorphism data in sheep is described for some of the loci in de Gortari et al. (1997) . The complete sequence of clones from which markers were developed was extracted from GenBank under the accession numbers provided in original reports.
(b) Microsatellite cloning and sequencing
Orthologous ovine microsatellite loci were ampli¢ed in 25 ml reactions containing 2U AmpliTaq (Perkin Elmer) or Dynazyme (Finnzyme) polymerase, the supplied PCR bu¡er with 1.5 mM MgCl 2 , 25 pmol of each primer, 200 mM dNTP and 100 ng sheep DNA. Ampli¢cations were made on a Perkin Elmer 9600 instrument with a thermal pro¢le of two cycles of 94 8C for 3 min, 55^58 8C for 30 s, 72 8C for 60 s; 28 cycles of 94 8C for 30 s, 50^53 8C for 30 s, 72 8C for 30 s, followed by 72 8C for 10 min. PCR products were puri¢ed through Qiaquick spin columns (Qiagen) and ligated into a pGEM-T vector (Promega). Positive clones were cycle sequenced using dyeprimer chemistry and subsequently analysed on a ABI377 semiautomated sequencer. At least two clones were sequenced for each locus, derived from di¡erent individuals. In cases when a discrepancy between the £anking sequence of the two clones was observed, a third clone was sequenced and the consensus sequence was used in further analysis. Frequently, repeat numbers varied between clones, a situation probably due to allelic length variation being detected, although we cannot formally exclude that in some cases PCR stutter bands had been cloned. Four PCR products were sequenced directly using dyeterminator chemistry.
To facilitate the elucidation of ancestral repeat structures as well as junctions between repeat and £anking sequences, all primer pairs were also tested for ampli¢cation in ¢ve artiodactyl outgroup species; moose (Alces alces), reindeer (Rangifer tarandus), fallow deer (Cervus dama), roe deer (Capreolus capreolus) and pig (Sus scrofa). Successful ampli¢cation was obtained for 12 loci in at least one of the species, and these products (one species per locus) were cloned and sequenced as described above. The obtained ovine and outgroup microsatellite sequences are available under accession numbers AF083980^AF084001, and AF126182^AF126198.
(c) Intron data
The GenBank nucleotide database was searched for genomic sequences of orthologous genes sequenced in both cattle and sheep; eight such genes were identi¢ed as listed in table 3. This set of genes was complemented with data for two additional genes sequenced within the frame of this study, the myogenic factor (MYF-5) and phosphate carrier (Pcp) genes. One pair of exonic PCR primers from each gene (MYF-5: GCGTCTACTGTCCTGATGTA and GATAAGCAATC-CAAGCTGGA; Pcp: AGTTTGGCTTTTATGAAGTCTT and AAATACAGTGATGTGCGCCA) was designed from cattle sequence available in GenBank to amplify 405 and 753 bp introns, respectively. Ampli¢cation, cloning and sequencing were done essentially as described above. Gene sequences are available under the accession numbers AF083978 (MYF-5) and AF083979 (Pcp).
(d) Sequence analysis
All sequences, microsatellite as well as gene sequences, were aligned with Seqencher 3.0 (GeneSystems). Frequently, manual adjustment of alignments in repeat regions was required due to the ine¤ciency of the program to handle large gaps. Substitution rates in introns and microsatellite £anking regions were calculated with MEGA (Kumar et al. 1993) , using Jukes^Cantor correction for multiple hits and excluding gaps. For each microsatellite locus we combined data from both £anks in the analysis.
Point mutations within repeat sequences were de¢ned as cases when one species showed a perfect stretch of repeat units while the other contained an interruption in the corresponding repeat region, e.g. TA(TG) 19 in cattle versus (TG) 15 in sheep at the ARO28 locus. Three substitutions not ¢xed in sheep (at the CSSM043, ILSTS020 and ILSTS029 loci) were included in the analyses. Two or more substitutions to the same nucleotide but in distinctly di¡erent parts of the repetitive region were treated as independent events. The relative incidence of point mutations in di¡erent repeat unit positions was calculated by dividing the number of loci with point mutations in a particular position with the total number of loci in which that position occurred. When two or more repeat lengths were observed among the clones sequenced, we used the mean number in calculations. Repeat regions were analysed from both ends, meaning that for a (CA) 10 stretch, repeat unit positions one to ¢ve each occur twice (position one being the two end units), while positions six and higher do not occur within such a repeat. The sequence of both species was included in this analysis, meaning that each locus was considered twice. A few loci had partly or completely to be excluded from this analysis since the complexity of the repeat prevented a proper examination of where point mutations had occurred; excluded sequences are underlined in table 1.
A critical part of the analysis was the identi¢cation of junctions between £anking and repeat sequences, i.e. de¢ning where the £anking sequence ended and where repeat structure started. We initially made this without access to data from an outgroup. When sequences from outgroup species were added for 12 loci, original classi¢cations generally appeared correct. Table 1 shows how we have de¢ned repeat structures, together with 10 bp adjacent £anking sequence on each side of the repeats.
RESULTS
(a) Flanking sequence evolution By using primers from a random set of bovine (CA) n microsatellites, we ampli¢ed 22 orthologous loci in sheep and determined the nucleotide sequences of £anking as well as repetitive regions. In total, this provided £anking sequence information for 2317 bp cattle and sheep DNA, on average 105 bp per microsatellite locus both £anks combined (range 59^185). The mean substitution rate for £anking sequences was 0.070 AE 0.008 s.e., varying within an order of magnitude between loci, from K 0.016 over 131bp at the BM1225 locus to K 0.162 over 112 bp at the ILSTS008 locus (table 2) . This suggests signi¢cant rate variation between loci (w 2 44.7, d.f 21, p 5 0.01), but the statistical signi¢cance is dependent on a single data point (ILSTS008).
Assuming that the great majority of microsatellite loci are embedded within non-coding DNA, we sought to address whether the substitution rate in microsatellite £anking regions was typical of that in other types of noncoding bovine and ovine DNA. To derive an estimate of the latter, we searched GenBank for genes that had been sequenced in both cattle and sheep. A prerequisite was that data from genomic clones had to be available since this would allow the analysis of intron sequences. Eight such genes were identi¢ed and data for two additional genes was gathered for the purpose of this study, giving a total of 19 180 bp intronic sequence (table 3) . The mean K-value of each gene (averaged over introns) varied between 0.0277 and 0.1080. The total mean for all ten genes was 0.070 AE 0.007 s.e., i.e. identical to that obtained for microsatellite £anking sequences. If intron sequences in general are selectively neutral (Li 1997) , this would suggest that no selective constraints are operating on (CA) n microsatellite £anking sequences in cattle and sheep.
A corresponding analysis of the incidence of insertions and deletions (indels) similarly failed to detect any obvious di¡erence between microsatellite £anking sequences and introns. Given the relative rarity of such events, we pooled data from all microsatellite and gene loci, respectively, and obtained indel incidences of 26 cases in 2317 bp 0.0112 for microsatellite £anking sequences and 255/19 180 0.0133 for introns (w 2 0.67, n.s.).
Our next step was to analyse if mutations in £anking regions were uniformly distributed with respect to the distance from the repeat region. As illustrated in ¢gure 1, the rate of nucleotide substitution appeared relatively constant over most of the range studied. As a notable exception, however, there were signi¢cantly more substitutions within the ¢ve nucleotides immediately adjacent to the repeat region, than in £anking sequences further away (0.101 versus 0.062, w 2 4.27, p 5 0.05).
(b) Repeat sequence evolution A (CA) n repeat region similar to that originally identi¢ed in cattle was seen in all 22 orthologous ovine loci (table 1) , thus giving no indication of a complete collapse of microsatellite repeats. A striking observation was that interruptions or complex repetitive structures occurred at the majority of loci. Originally, seven out of the 22 bovine microsatellite sequences could be classi¢ed as deviating from a perfect repeat structure (i.e. comprising (CA) 52 NN(CA) n , or a more complex structure). After sequencing in sheep, a few further ovine sequences were found to be of this type (BM6438 and ILSTS029). However, a careful alignment of bovine and ovine sequences revealed a number of additional cases where potential interruptions may have occurred in the outmost or the second outmost repeat unit. As an example, the bovine HUJ625 locus has the sequence F F FCTACCT(CA) 25 F F F, originally interpreted as a perfect (CA) 25 stretch. However, from the sequence obtained in sheep, F F FCTAC(CA) 13,15 F F F, and in moose, F F FCTAC (CA) 9 F F F, an A to T substitution is suggested in the ¢rst repeat unit in the bovine lineage. In total, interruptions were observed at 18 out of the 22 loci (82%), as summarized in table 1, including a few cases where the interruption apparently was not ¢xed (BM1225, CSSM043, ILSTS005, 20 and 29).
The frequent observation of`interruptions' at the end of microsatellites suggested that substitutions may not be randomly distributed within repeat regions. To address this quantitatively, we tried to infer the number of interruptions to have occurred at individual repeat unit positions summed over loci, and then divided this number by the total number of times the repeat unit in question was available for analysis. The relative incidence of substitution proved to be highest in repeat units towards ends (¢gure 2), with strong statistical support for a di¡erence against the middle of repeats (e.g. position 1 tested against all other positions, 0.094 versus 0.016, w 2 18.28, p 5 0.001).
DISCUSSION
(a) Selective neutrality of microsatellite £anking sequences
According to the traditional view of molecular evolution, the relative rate of nucleotide substitution in di¡erent regions of the genome is thought to be governed principally by di¡erential selective constraints. Although this may be an oversimpli¢cation and may be confounded with variation in the mutation rate over the genome (Wolfe et al. 1989) , the general pattern probably holds. Introns are generally believed to be selectively neutral, an idea supported by similar substitution rates seen for introns, fourfold degenerate sites and pseudogenes (Li & Grauer 1991; Li 1997) . Our study shows for the ¢rst time that DNA sequences £anking the abundant class of (CA) n microsatellites evolve at a rate similar to that of introns, indicating that microsatellite £anking sequences may be considered mainly selectively neutral. This is compatible with the fact that microsatellites, at least of the dinucleotide type, typically are embedded within non-genic or non-coding regions of the genome. Therefore, our data from cattle and sheep Table 1 . Repeat structures and adjacent £anking sequence (up to 10 bp when available) at 22 artiodactyl (CA) n microsatellite loci analysed in this study (Identical positions are indicated by hyphens and gaps are symbolized by asterisks. When two or more ovine sequences (alleles) were analysed, the sequence of both is given. If the sequence di¡erence only concerned a variation in the number of repeat units, however, these are shown on the same row. Underlined sequences were not included in the calculation due to a high degree of complexity.)
do not provide support for the idea that successful ampli¢cation of microsatellite loci across very distantly related taxa may be a consequence of microsatellite regions generally being under some form of selection (Rico et al. 1996) , directly or indirectly leading to £anking sequences being conserved to an extent that allows the heterologous use of PCR primers over long evolutionary distances. It is important to point out that our data originate from a set of microsatellite loci ful¢lling a special criterion, namely that the bovine-derived PCR primers reveal an ampli¢cation product also in sheep (as discussed below, only about half of them do). In theory, this could potentially introduce a bias in the form of selecting for loci where the £anking sequences for some reason would be more conserved than at other loci. However, if existing, the e¡ect of such a bias would be to yield an underestimate of the average rate of sequence divergence in microsatellite £anking regions in the genome. Given that the observed rate was not di¡erent from that of introns, our conclusion of selective neutrality of microsatellite £anking sequences therefore seems robust. Of course, we cannot exclude that microsatellite £anking sequences in fact could be less conserved than introns.
Apparently, all observations of unexpected success in heterologous microsatellite ampli¢cation are either from cold-blooded and aquatic organisms (turtles, FitzSimmons et al. 1995; ¢sh, Rico et al. 1996; Zardoya et al. 1996) or from aquatic vertebrates (whales, SchlÎtterer et al. 1991 ). An alternative explanation to these observations, discussed by SchlÎtterer et al. (1991) and Rico et al. (1996) , is that a slower rate of nucleotide divergence in poikilotherms (or aquatic) than in homeotherms (or terrestrial; Avise et al. 1992) would be associated with a higher degree of priming-site conservation in the former class of organisms than in the latter, divergence times being equal. More generally, the relative success in microsatellite cross-species ampli¢cation, and in fact in any ampli¢-cation where non-coding and neutral sequences are used as targets for PCR priming, is likely to be a direct function of the average rate of neutral molecular evolution in the lineages under study. Given that the rate of nucleotide divergence may vary considerably even within wellde¢ned taxonomic groups (Martin & Palumbi 1993) , we should expect microsatellite cross-species performance to do the same. For example, while about 45% of bovine microsatellite primers amplify orthologous loci in sheep (Moore et al. 1991) , only 10^15% of mouse or rat primers amplify in the other species (Kondo et al. 1993) . Despite Table 1 . (Cont.) Repeat structures and adjacent £anking sequence (up to 10 bp when available) at 22 artiodactyl (CA) n microsatellite loci analysed in this study (Identical positions are indicated by hyphens and gaps are symbolized by asterisks. When two or more ovine sequences (alleles) were analysed, the sequence of both is given. If the sequence di¡erence only concerned a variation in the number of repeat units, however, these are shown on the same row. Underlined sequences were not included in the calculation due to a high degree of complexity.)
this di¡erence, the divergence times between mouse and rat (Catze£is et al. 1992) , and between cattle and sheep (Simpson 1984) are comparable. However, the rate of molecular evolution is considerably faster in rodents than in other mammals (Martin et al. 1992) . Assuming that the bovine and ovine lineages split some 20 Myr ago (Simpson 1984) , our data from intron and microsatellite £anking sequences reveal an average nucleotide divergence rate of 0.35% Myr
À1
. This is close to the ¢gure of 0.30% Myr À1 estimated for the synonymous substitution rate in Artiodactyla (Bulmer et al. 1991) . Since this rate is about one-third of that in mouse and rat (1% Myr À1 ; Bulmer et al. 1991) , it agrees very well with the approximately threefold higher success in amplifying microsatellites between cattle and sheep, than between mouse and rat.
(b) Sequence instability in the end of microsatellites and in the immediately £anking unique sequence
Our data suggest that the substitution rate in the end of (CA) n microsatellites is higher than in the middle of the repeat region. Also, the substitution rate in the ¢rst few nucleotide positions £anking microsatellites was found to be higher than in £anking sequence outside thereof. Together these observations point at a relative sequence instability within a 5^10 bp region at the border of tandemly repetitive DNA and unique sequence.
We can identify several models to account for the relatively high substitution rate seen in border regions, all of which would be associated with mismatch repair at either replication or recombination. First, polarity in mutation events resulting in repeat expansion or contraction could introduce an increased likelihood for nucleotide substitution towards the end of repeats. Microsatellite mutations are thought to be due to replication slippage, i.e. the outof-frame alignment of the two strands within the repeat tract during replication (Levinson & Gutman 1987) . Polarity in this process could arise if the possibility for slippage either decreases or increases as the nascent strand is being synthesized (Sia et al. 1997) . The latter would seem logical given that a nearly completely replicated repeat tract can misalign at many more sites than a tract where replication has just started, and is also compatible with observations of a positive correlation between the number of repeat units of alleles and their allelic mutation rate (Primmer 1996a a loop can be formed on the template or the nascent strand, and such loops are either to be removed or ¢lled in by mismatch repair systems. If the ¢delity of enzymes involved in ¢lling in loops is lower than is the case for DNA polymerases involved in standard replication, this would result in a higher nucleotide substitution rate at the microsatellite end downstream from the relevant origin of replication. In line with this, at least some form of deletions are poorly mismatch-repaired in yeast (White et al. 1988) . Moreover, the ¢delity of di¡erent eukaryotic polymerases is known to vary signi¢cantly (Kunkel 1992) . A critical issue in this model, however, is if loops are formed in direct association with the end of the strand being synthesized. Second, a related problem could arise in connection with homologous recombination or non-reciprocal gene conversion. Meiotic recombination is generally thought to be initiated by double-strand breaks or single-strand nicks that subsequently lead to strand invasion, heteroduplex formation and formation of a Holiday junction (Orr-Weaver & Szostak 1985) . In cases when a junction is formed just before a heterozygous microsatellite region, the branch will migrate through the repeat tract without problems until it reaches the end of the allele with the fewest number of repeat units. Since the following sequence will be non-homologous (additional repeat units on one strand but £anking sequence on the other), the process may either be aborted or a loop may be formed, the latter similar to the situation at replication slippage. Again, it can be speculated that the mismatch-repair systems involved in ¢lling in such loops may di¡er in terms of ¢delity compared to DNA polymerases, leading to an elevated substitution rate at the border between microsatellites and £anking sequence. Interestingly, our observations are analogous to RIPing (repeat-induced point mutation) in Neurospora (Foss et al. 1991) , and it is possible that other mechanisms than loop repair give an increased mutability at the border between repeat and unique sequence at meiotic recombination. In this context we note that various repetitive DNAs, including microsatellites, have been found to frequently be associated with synaptonemal complexes at recombination (Kmiec & Holloman 1986; Pearlman et al. 1992) . Experiments in various in vitro systems have also shown that microsatellite sequences may promote reciprocal meiotic change (Treco & Arnheim 1986 ). However, it should be stressed that there are so far no data to suggest that microsatellite length mutations are due to recombination events (e.g. manifested as mutant alleles being recombinant for £anking markers). If this model is correct, allelic length di¡erences would thus generally be e¤ciently handled by repair systems, but with a certain degree of nucleotide error rate. A third possibility is that homologous recombination following DNA damage would be more prone to accept mismatches in repeat ends than in the middle of repeat regions (D. Hughes, personal communication). Given the frequent occurrence of microsatellites in the genome, many di¡erent sequences could serve as strand donors in homologous recA-dependent mitotic recombination, albeit not representing the true locus homologue. In case of the donor or the receptor containing an interrupting nucleotide in the middle of the repeat region, mismatchrepair systems would probably be able to detect such inconsistencies. In contrast, this might not be the case towards repeat ends. A critical question here is if recAdependent recombination can involve such short DNA regions as typical microsatellites. Studies in yeast suggest that the minimum length of sequences involved in these processes might be a few hundred base pairs (Borts & Haber 1989) .
